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Introduction
Glyphosate (N-(phosphonomethyl) glycine) is one of the most widely applied broad-34 spectrum herbicides in both agricultural and non-agricultural areas all over the world. 35 Introduced by Monsanto (an US chemical company) in early 1970s, it is now representing 36 60% of the global "broad-spectrum" herbicide sales with the total global use of over 70,000 37 tonnes technical acid p.a. [1, 2] . 38 Due to the vast quantities of glyphosate used, there are increased concerns of its impacts on 39 the environment, in which the glyphosate was entered via various routes during its 40 manufacture, use and runoff after use etc. [3] [4] [5] . Many cases of its poisoning in humans, with 41 a variety of symptoms including eye and skin irritation, contact dermatitis, eczema, cardiac 42 and respiratory problems and allergic reactions, increased the concern of its health impacts. A 43 comprehensive review of the acute toxic effects of glyphosate in humans can be found in 44 Buffin and Topsy [2] . More recently, four different Roundup formulations of the herbicide 45 glyphosate manufactured by Monsanto were found highly toxic to human cells at 46 concentrations far below the recommended agricultural use levels [6, 7] .
Regarding the residual of glyphosate in drinking water, there is still no guideline value, but 48 the EU limit for any herbicide in drinking water is 0.1 µg/l [8] , which is a substitute for zero 49 in drinking water. Obviously, this is a big challenge for potable water treatment plant. 50 Considering the increasing reports about the occurrence of glyphosate in the aqueous 51 environment [9] [10] [11] [12] , it is reported that, in relation to the removal of the pesticides from 52 drinking water, it is estimated that the cost of installing the necessary facilities may be £1.0bn 53 with annual running costs being £5 0 -£100 m in the UK. Hence, the water pollution caused 54 by glyphosate must be under substantial control. Although a range of conventional methods 55 can be applied to remove glyphosate, which include activated-carbon, oxidation, ozonation 56 and photocatalytic degradation etc. [13] [14] [15] , an efficient and cost-effective method is still 57 desirable. From the structural formula of glyphosate, it is known that the glyphosate is a kind 58 of organic phosphate in nature. Fortunately, it has been demonstrated especially in the recent 59 years that an inevitable water industrial residual in terms of alum sludge, can be reused as a low-cost adsorbent for some pollutants immobilization. For example, alum sludge has been 61 examined extensively to exhibit excellent phosphorus (P) adsorption ability [16] [17] [18] [19] [20] [21] . Alum 62 sludge is an inevitable by-product produced from water treatment plants worldwide when 63 aluminium sulphate, a most widely adopted water purification coagulant, is used as primary 64 coagulant to flocculate the source waters. The most recognised feature of alum sludge lies in 65 its local, easy and large availability. For example, in Ireland, 18,000 tonnes dry solids of alum 66 sludge in an annual basis is generated with landfill disposal costs of about €3.2 million. In the 67 UK, about 182,000 tonnes dry solids of waterworks sludge is generated each year, with 68 predominant disposal route to landfill as a "waste" with little known knowledge of reuse [22] . 69 The research in University College Dublin, Ireland has been focused on identifying the 70 characteristics and the phosphorus adsorption capacity of the local alum sludge in Dublin [23-71 26]. More significantly, a so-called alum sludge-based novel constructed wetland system has 72 been developed, which employed dewatered alum sludge as main substrate in treatment 73 wetland to enhance the phosphorus immobilization [27] . Therefore, it is assumed that the 74 alum sludge may have the potential as an efficient and low-cost adsorbent to extract 75 glyphosate from aqueous environment. 76 Thus, the aim of this study is to justify the feasibility of the alum sludge for glyphosate 77 immobilization. This will, of course, promote the beneficial reuse of alum sludge in wide 78 range of pollutant control in environmental engineering. Alum sludge in the forms of 79 dewatered alum sludge (DAS) cake and liquid alum sludge (LAS) has been used for 80 glyphosate adsorption tests. Firstly, batch tests were carried out to investigate the factors that 81 affect the glyphosate adsorption onto alum sludge and provide information, such as 82 equilibrium time and suitable initial glyphosate concentration range for the ensuing 83 equilibrium studies. Secondly, the adsorption equilibrium studies with different adsorption 84 isotherm models were conducted to determine the maximum adsorption capacity. Adsorption 85 kinetics of the glyphosate onto alum sludge was also studied. In addition, polymer 86 conditioning of glyphosate saturated LAS (after adsorption tests) was implemented with 87 Magnafloc LT25 for the purposes of sufficient solid-liquid separation and exploring any 88 possible further glyphosate reduction during the sludge conditioning. reported in our previous study [26] . After collection, the DAS was air dried at room 96 temperature for some period resulting in an average moisture content of 23.4-23.7%. The 97 DAS was then ground into different particle sizes (<0.063, 0.15-0.212, 0.425-0.6 and 1-2 98 mm). The LAS was concentrated to 3 g/l and 5 g/l, respectively, by settling and rejecting the 99 supernatant. A 1,000 mg/l glyphosate stock solution was made up from Roundup ® Pro 100 Biactive ® , a commercial product which contains 360 g/l glyphosate. The stock solution was 101 then diluted with distilled water to prepare the glyphosate solutions in various concentrations 102 (0.5-500 mg/l) with the natural pH of 5.2-5.6 for testing. All the glyphosate solutions were 103 well mixed and the concentrations were checked through P measurement based on the P 104 content in glyphosate with the formula of C 3 H 8 NO 5 P before use to ensure full solubilization 105 of glyphosate in water. It should be noted such concentration range is unrealistic in natural 
Batch test with DAS 110
Batch tests of glyphosate adsorption were carried out with the DAS at room temperature 111 (22 ℃) and initial glyphosate concentration of 50 mg/l. 10 ml of glyphosate stock solution 112 and 190 ml of distilled water were added respectively to a series of 200 ml bottles with varied 113 DAS mass. It was followed by the adsorption tests at 300 rpm on an orbital shaker (SSL1, 114 Bibby Sterilin LTD, UK). The adsorption of glyphosate onto DAS was determined as a 115 function of time, pH, particle size and alum sludge mass. To determine the pH effect on the 116 adsorption of glyphosate, initial pH value was adjusted to 4.3, 5.6, 7.0 and 9.0, respectively, 117 by adding 0.1 mol/l sulphuric acid and 0.1 mol/l sodium hydroxide, while the particle size and 118 the alum sludge mass were fixed at <0.063 mm and 5 g/l, respectively. Adsorption test 119 conducted as a function of particle size (<0.063mm, 0.150-0.212mm, 0.425-0.6mm and 1-2 mm) was performed at pH 5.6 and alum sludge mass of 5 g/l. Accordingly, the effect of alum 121 sludge mass on glyphosate adsorption was studied at particle size of <0.063 mm and pH 5.6 122 with different alum sludge mass of 0.5, 1, 3 and 5 g/l, respectively. stabilized sludge (with initial glyphosate 500 mg/l being added for adsorption trial) were 140 taken and placed into a series of 500 ml beakers. A wide range of polymer concentration (1, 5, 141 10, 20, 30, 40, 50 and 60 mg/l) was added to the sludge beakers. The beakers were then made 142 up to the 250 ml with distilled water to eliminate the volume effect of polymer addition, this 143 leads to the LAS concentrations of 1.2 g/l and 2 g/l with the initial values of 3 g/l and 5 g/l, 144 respectively, due to the dilution. The sludge samples were then mixed immediately to 145 promote the coagulation for 10 s at 100 rpm. Thereafter, the samples were subjected to a slow 146 mixture to enhance the flocculation for 60 s at 20 rpm. Settlement of the sludge samples was 147 allowed for 1 minute after conditioning and turbidity and suspended solid (SS) of the 148 supernatant were measured to determine the optimal dosage of the polymer. Glyphosate was 149 also determined to investigate whether there is further reduction after the polymer 150 conditioning/flocculation. The glyphosate adsorption on DAS is shown in Fig. 1 . The equilibrium was reached after 179 52 hrs on all the conditions investigated. A highest removal efficiency of 91.6% was obtained 180 at pH 4.3, particle size <0.063 mm and DAS dosage 5 g/l ( Fig. 1(a) ). The removal efficiency 181 was decreased significantly with the pH increase, it was reduced to 65.4% at pH 9.0, implying 182 that acidic condition is more favorable to the adsorption process. This may suggest the 183 glyphosate adsorption on DAS is more likely a physical process since glyphosate exists in 184 molecular form under acidic condition. Fig. 1(b) shows the effects of particle size on the 185 glyphosate adsorption. The highest removal efficiency of 86.5% was observed at particle size 186 <0.063 mm, and it was dropped to 34.5% at particle size of 1-2 mm due to the decrease of the 187 specific surface area, indicating the adsorption is largely dependent on the particle size. 188 However, the adsorption rate was more or less the same between particle size of 0.425-0. (2) 243 Where q e and q t are respectively the amount of adsorbate adsorbed at equilibrium and at time t 244 (mg/g); k is the rate constant of pseudo second-order adsorption (g/mg•h). By plotting t/q t 245 versus t, the second-order rate constant k and constant q e can be determined. 246 Table 2 lists the kinetics constants of the pseudo second-order model from this study 247 (experimental data not shown). The correlation coefficients were greater than 0.99 for all the 248 different conditions with only exceptions at particle sizes of 0.15-0.212mm and 1-2 mm. This 249 result suggests the good agreement between the experimental data and the pseudo second-250 order model. All these indicate that glyphosate adsorption kinetics onto the alum sludge can 251 be described by the pseudo second-order model. It should be noted from Table 2 that the 252 kinetics constants varied considerably with the adsorption conditions (pH, particle size, alum 253 sludge mass and alum sludge type etc). Therefore, it is reasonable to suggest that, from the 254 adsorption process design point of view, the relationship between the kinetics parameters and 255 the reaction conditions should be further investigated. reported adsorbents based on mg/g for q e and mg/l for C e was made in Table 3 . It shows that 266 the glyphosate adsorption capacity on alum sludge is much higher than that of the most soils, sludge. LDH has the comparable capacity to the alum sludge. Active carbon has the same 270 order of magnitude with the alum sludge in glyphosate adsorption capacity, but still lower 271 than the latter. However, in terms of availability and cost, alum sludge is an easily, locally and 272 largely available "waste" by-product in global scale [22] . The LDH and active carbon are 273 least economic and available since they have to be artificially synthesized or produced. 274 Although soils, humic substances and clay mineral are also largely available in nature, alum 275 sludge has the advantage regarding the "waste" reuse and the sustainable development. 276 Overall alum sludge has exhibited the potential to be an efficient and low-cost adsorbent for 277 glyphosate immobilization. Table 3 
Adsorption isotherm
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Conclusions
301
Alum sludge has exhibited the potential to be an efficient and cost-effective adsorbent for glyphosate removal with excellent immobilization ability in this study. The maximum 303 glyphosate adsorption capacity computed by Langmuir isotherm is 85.9 mg/g DAS and 113.6 304 mg/g LAS, respectively, which is comparable to LDH and much higher than humic 305 substances, clay minerals and the most types of soils. From an economic point of view, the concept of "waste" reuse and the feature of alum sludge"s large availability make the alum 307 sludge more advantageous than any other adsorbents. The polymer (LT25) conditioning of the 308 glyphosate-enriched LAS cannot lead to the further reduction of the glyphosate in the 309 supernatant of the dewatered LAS after conditioning. Finally, good agreement between the 310 predicted and the experimental adsorption profiles suggests that the pseudo second-order 311 model can be applied in system and process design. 
